The interaction of NKG2D, a stimulatory receptor expressed on natural killer (NK) cells and activated CD8 ؉ T cells, and its ligands mediates stimulatory and costimulatory signals to these cells. Here, we demonstrate that DNA-based vaccines, encoding syngeneic or allogeneic NKG2D ligands together with tumor antigens such as survivin or carcinoembryonic antigen, markedly activate both innate and adaptive antitumor immunity. Such vaccines result in highly effective, NK؊ and CD8 ؉ T cell-mediated protection against either breast or colon carcinoma cells in prophylactic and therapeutic settings. Notably, this protection was irrespective of the NKG2D ligand expression level of the tumor cells. Hence, this strategy has the potential to lead to widely applicable and possibly clinically useful DNA-based cancer vaccines.
The interaction of NKG2D, a stimulatory receptor expressed on natural killer (NK) cells and activated CD8 ؉ T cells, and its ligands mediates stimulatory and costimulatory signals to these cells. Here, we demonstrate that DNA-based vaccines, encoding syngeneic or allogeneic NKG2D ligands together with tumor antigens such as survivin or carcinoembryonic antigen, markedly activate both innate and adaptive antitumor immunity. Such vaccines result in highly effective, NK؊ and CD8 ؉ T cell-mediated protection against either breast or colon carcinoma cells in prophylactic and therapeutic settings. Notably, this protection was irrespective of the NKG2D ligand expression level of the tumor cells. Hence, this strategy has the potential to lead to widely applicable and possibly clinically useful DNA-based cancer vaccines.
NK cells ͉ NKG2D ligands ͉ T cells ͉ survivin ͉ Peyer's patches
O ne way to induce potent immune responses against tumors is to activate the key immune effector mechanisms. The NKG2D receptor-ligand interaction is a good candidate for such a task because it occurs at the crossroad between innate and adaptive immunity (1) . NKG2D, a stimulatory lectin-like receptor, is expressed on natural killer (NK) cells, activated CD8
ϩ T cells, ␥␦ T cells, and activated macrophages (2) . It mediates costimulatory signals for CD8 ϩ T cells and stimulatory signals for NK cells and macrophages (3, 4) . Ligands for NKG2D are related to class I major histocompatibility complex (MHC) molecules. In mice, NKG2D ligands include products of the retinoic acid early inducible-1 (RAE1) gene, H60 (2, 5) , and UL16-binding protein-like transcript 1 (MULT1) (6) . Importantly, in syngeneic mice, ectopic expression of NKG2D ligands causes NK cell-mediated rejection of transfected tumor cells (7, 8) . It also primes cytotoxic T cells (CTLs), which are responsible for the rejection of subsequent challenges with tumor cells that lacked NKG2D ligands (7) .
In this study, we tested our hypothesis that by engaging the NKG2D receptor, we would enhance the antitumor efficacy of DNA-based cancer vaccines by activating both innate and adaptive immunity. This task was accomplished in two different mouse model systems, a survivin-based DNA vaccine in syngeneic BALB͞c mice (9) and a carcinoembryonic antigen (CEA)-based DNA vaccine in CEA-A2Kb double transgenic mice (10) .
Survivin, a 16.5-kDa inhibitor of apoptosis protein, represents an almost ideal target for cancer vaccines because it is overexpressed by essentially all solid tumors and proliferating endothelial cells in the tumor vasculature. In contrast, it is poorly or only transiently expressed by normal adult tissues (11) . Furthermore, overexpression of survivin in tumors is linked to decreased patient survival, increased tumor recurrence, and resistance to therapy (11) , and spontaneous immune responses against survivin were recently demonstrated in various cancer patients (12) . Survivin-based DNA vaccines were able to induce T cellmediated antitumor responses without severe toxicity in mouse (9) and in clinical trials (13) .
The 180-kDa oncofetal protein CEA is another appropriate vaccine target because it is overexpressed on a variety of tumors (14) but only expressed weakly on normal epithelial cells (15) . This expression pattern, together with its immunogenicity, led to the development and evaluation of a variety of CEA whole gene-based or peptide-based vaccines (16, 17) . In addition, techniques to measure CEA-specific CTL responses are well established (10, 18) and facilitate the verification of the specificity of immune responses induced by such vaccines.
Here, we demonstrate that engagement of the murine NKG2D receptor enhances both innate and adaptive immune responses induced by DNA-based vaccines and thereby augments their antitumor efficacies in both prophylactic and therapeutic settings.
Materials and Methods

Vector Construction and Transformation of Salmonella typhimurium.
Expression vectors were constructed based on a pBudCE4.1 backbone (Invitrogen) as indicated. The double attenuated S. typhimurium (AroA Ϫ ; dam Ϫ ) strain RE88 was kindly provided by Remedyne Corporation (Santa Barbara, CA) and was transformed with DNA vaccine plasmids by electroporation as described in ref. 19 .
Oral Immunization and Tumor Cell Challenge. Mice were immunized twice within a 2-week interval by gavage with 100 l of PBS containing Ϸ5 ϫ 10 8 doubly mutated S. typhimurium harboring the expression vectors. In prophylactic models, mice were challenged with tumor cells as indicated 2 weeks after the last vaccination and in therapeutic settings 5 days before the first vaccination.
Cytotoxicity and ELISPOT Assays. Cytotoxicity was measured by a standard 51 Cr-release assay as described in ref. 22 . ELISPOT assays were performed with an ELISPOT kit (BD Pharmingen) according to the instructions provided by the manufacturer.
Immunofluorescence. This procedure was performed on cryostat sections of Peyer's Patches fixed with acetone. Primary antibodies used were anti-mouse dendritic cell Ab, anti-mouse CD11c Ab (BD Pharmingen), recombinant mouse NKG2D͞Fc Chimera (R & D Systems), and rabbit anti-human CEA Ab (DAKO). All secondary antibodies were purchased from Molecular Probes. Slides were mounted with antifade reagent (Molecular Probes) and examined with a confocal microscope (Axiovert 100TV, Zeiss).
In Vivo Depletions. These depletions were performed by i.p. injection of anti-CD8 Ab 2.43 (National Cell Culture Center, Brooklyn Center, MN) at 0.6 mg per mouse or anti-CD4 Ab GK1.5 (National Cell Culture Center) at 0.4 mg per mouse 1 day before tumor cell challenge and repeated weekly, or with antiasialo GM1 Ab (Wako Chemicals, Richmond, VA) at 20 l per mouse 1 day before tumor challenge and repeated every 5 days.
Statistical Analysis. The statistical significance of differential findings between experimental groups and controls was determined by using Student's t test. Findings were regarded as significant if two-tailed P values were Ͻ0.05.
Results
NKG2D Ligand-H60 Improves Antitumor Efficacy of DNA Vaccines
Encoding Murine Survivin. Expression vectors encoding H60 (pH60), survivin (pSurv), or both (pH60͞Surv) were constructed on a pBudCE4.1 (pBud) backbone (Fig. 1A) . The expression of survivin in transfected 293T cells was confirmed by Western blot analysis (Fig. 1B) , and the expression of H60 was confirmed by positive staining with NKG2D tetramer (Fig. 1C) . To evaluate the vaccine-induced H60 expression in vivo, mice were killed 24 h after pH60 vaccination, and cryostat sections of Peyer's patches were analyzed for NKG2D ligand expression. As shown in Fig. 1D , NKG2D ligands (red) were detected but only at low levels in mice vaccinated with the pBud control vector. This result is not surprising, because NKG2D ligand expression can be induced by infection or cellular stress (23, 24) . However, in pH60-vaccinated mice, NKG2D ligands, presumably mostly H60, are expressed at much higher levels. Notably, NKG2D expression was found inside dendritic cells (DC), proving the successful delivery of H60 to DCs. However, H60 was also expressed by other cell types, presumably macrophages (25, 26) .
To test our hypothesis that NKG2D ligand-H60 can enhance the antitumor efficacy of survivin-based DNA vaccines, vaccinated syngeneic mice were challenged with murine colon carcinoma cell line CT-26. CT-26 expressed survivin ( Fig. 2A Left) and at best expressed NKG2D ligands weakly ( Fig. 2 A Right) . Tumor cells with low or negative NKG2D ligand expression had been reported to be more tumorigenic (7) . Likewise, as shown in our experiment, tumors colonized in the lungs of all mice treated with PBS or pBud 25 days after challenge (Fig. 2B) . Importantly, only a DNA vaccine encoding both a NKG2D ligand (H60) and survivin effectively protected the mice against tumor challenge (Fig. 2B) .
In vivo depletions were performed to determine which cell population was responsible for this protection. Tumors developed so rapidly in CD8 ϩ or NK cell depletion mice that the mice had to be killed 2 days earlier ( Fig. 2C ), suggesting that these effector cells are involved in the normal surveillance against CT-26 tumor cells. Moreover, these depletions abrogated most of the tumor protective effect induced by the pH60͞Surv vaccine ( Fig. 2C) , indicating that the protection was mainly mediated by NK and CD8 T cells. In contrast, the depletion of CD4 cells from immune-competent mice protected against tumor cell challenge in both pBud and pH60͞Surv groups (Fig. 2C) , suggesting that CD4 ϩ T cells contribute mainly to the negative regulation of antitumor immunity in our experimental system.
The DNA vaccines were also tested in therapeutic settings. Experimental pulmonary metastases were induced by i.v. injection of 1 ϫ 10 5 CT-26 cells, which previously resulted in tumor colonization to lungs within 3 days (27) . Mice were then vaccinated. Significantly, in each of two similar experiments, 75% of mice treated with the pH60͞Surv vaccine survived (Fig. 2D) , with most of them showing no or minimal tumor metastases (data not shown). In comparison, only 10% of mice survived in the empty pBud vector control group, all of them with Ͼ50% of their lung surface covered by fused tumor metastases (data not shown). The pSurv or pH60 vaccines failed to protect mice significantly.
Because survivin is overexpressed by essentially all solid tumor cells (11) , the pH60͞Surv vaccine should be effective against tumors of different origin. To test this contention, a breast cancer cell line, D2F2, was used for tumor cell challenge. D2F2 cells expressed survivin; they also expressed NKG2D ligands at an intermediate level (Fig. 3A) . In the prophylactic setting (Fig.  3B ), 12.5% of the mice were free of tumors in the pBud control group 30 days after tumor challenge, in agreement with a previous report on partial rejection of tumors expressing NKG2D ligands at intermediate levels (7) . The number of tumor-free animals improved to 25% and 62.5% in pH60 or pSurv vaccinated groups of mice, respectively. Most importantly, only in the pH60͞Surv group were 100% of mice completely free of tumors (Fig. 3B) . In a therapeutic setting, a higher dose of D2F2 cells (3 ϫ 10 5 ) was used to challenge mice and resulted in tumor development in all mice within 21 days in pBud group. In this case, vaccination with pH60͞Surv induced the best therapeutic effect (Fig. 3C) . Taken together, these data suggest that the pH60͞Surv vaccine is optimally effective in both prophylactic and therapeutic settings against tumors of different origin, irrespective of their NKG2D ligand expression levels.
The pH60͞Surv Vaccine Activates both Innate and Adaptive Immune
Responses. The known distribution and functions of NKG2D receptors (3, 4) and the results from NK and CD8 depletion experiments prompted us to directly assess whether coexpression of NKG2D ligand-H60 in the survivin-based DNA vaccine leads to enhanced NK-and CTL-mediated tumor cell killings. In fact, NK target cell killing was significantly enhanced in mice immunized with the pH60 vaccine and was further improved in pH60͞Surv-vaccinated mice (Fig. 4A) . Splenocytes isolated from pH60͞Surv-vaccinated mice also exhibited the highest cytotoxicity against CT-26 target cells (Fig. 4B) . This cytotoxicity was largely inhibited by Abs against CD8 or MHC class I molecules but not affected at all by anti-CD4 Ab (Fig. 4C) , suggesting that the cytotoxicity detected was mediated mainly by MHC class I-restricted CD8 ϩ T cells.
To verify that the improved vaccine efficacy was indeed attributable to ligation of NKG2D receptor, another NKG2D ligand, RAE1, was also included in the vaccine, replacing H60. The expression of RAE was confirmed by flow cytometry (Fig.  5A ). This pRAE1͞Surv vaccine also proved superior in protecting mice from CT-26 challenge (Fig. 5B ) and inducing NK (Fig.  5C ) and CTL (Fig. 5D) responses . These data confirm that the combination vaccines enhance antitumor immunity by engaging the NKG2D receptor, suggesting a strong adjuvant effect of NKG2D ligands for the survivin-based DNA vaccine. The difficulty in finding survivin-negative tumor cells prevented us from further demonstrating the specificity of the immune response. Consequently, we took advantage of our CEA-based DNA vaccine (16) . We had already identified a specific HLA-A2-restricted CTL epitope in CEA-A2Kb double transgenic mice (10) . Because H60 is not expressed in C57BL͞6 mice (28) , this approach was also selected to assess whether an allogeneic NKG2D ligand could enhance the efficacy of DNA-based vaccines and the feasibility for clinical applications. The corresponding DNA vaccine constructs are depicted in Fig. 6A , and the CEA expression of transfected 293T cells was confirmed by positive staining in both flow cytometric (Fig. 6B ) and Western blot (Fig. 6C) analyses. Vaccine-induced CEA expression in vivo was further evaluated with cryostat sections of Peyer's patches from vaccinated mice. CEA expression was shown to localize to CD11c ϩ cells (Fig. 6D Lower) , whereas control mice did not reveal any CEA expression in the Peyer's patches (Fig. 6D  Upper) .
Vaccine efficacy was further evaluated by a series of in vivo studies. CEA-A2Kb double transgenic mice were used because they are peripherally tolerant to CEA and express HLA-A2, enabling us to check vaccine efficacy and immune response against HLA-A2-restricted epitopes. Immunization with the pH60͞CEA DNA vaccine effectively protected these transgenic mice from challenges of colon carcinoma cells MC-38 transfected with CEA and A2Kb (MC-38-CEA-A2Kb, Fig. 6E ) but not from the parental MC-38 cells (data not shown). These findings demonstrate the specificity of the protection and suggest that the NKG2D ligand H60 also enhances the antitumor efficacy of CEA-based DNA vaccines.
Vaccination with pH60͞CEA Enhances HLA-A2-Restricted, CEA691-Specific CTL Responses. As expected, splenocytes from pH60͞ CEA-vaccinated mice not only exhibited the highest killing against NK target cells (Fig. 7A) but also showed the most effective cytotoxicity against MC-38-CEA-A2Kb target cells (Fig. 7B) and not the parental MC-38 cells (Fig. 7C) .
Next, we focused on the specific responses against one of the HLA-A2-restricted CTL epitopes, CEA 691 (18) . The pH60͞ CEA-vaccinated group displayed significant killing of CEA 691 -loaded HLA-A2 ϩ T2 cells but not unloaded T2 cells (Fig. 7D) .
To further substantiate this finding, ELISPOT assays were performed with splenocytes freshly isolated from vaccinated CEA-A2Kb double transgenic mice. CEA 691 -specific, IFN-␥-secreting T cells were already present in pCEA-vaccinated mice; however, this reactivity was greatly enhanced in mice immunized with the pH60͞CEA vaccine (Fig. 7E) . Consequently, we demonstrated that the immune response induced by the pH60͞CEA vaccine was still CEA-specific but had attained a higher level of efficacy.
Discussion
T cells targeting tumor-associated antigens are readily detectable in cancer patients and in those patients that received cancer vaccines, yet in most cases, such T cells fail to eradicate the tumor in vivo. Thus, it is clear that established tumors can induce immune tolerance through not well defined mechanisms (29) . Consequently, we assumed that immunization strategies that employ different arms of the immune system should overcome such tolerance.
In our studies, DNA vaccines encoding tumor-associated antigens and the NKG2D ligands were transformed into double attenuated S. typhimurium (Dam Ϫ ; AroA Ϫ ), which target these genes to secondary lymphoid organs, i.e., Peyer's patches (19, 25) . There, the bacteria can be phagocytosed by antigen- presenting cells such as DCs. In addition, Salmonella provide ligands for toll-like receptors or ''danger signals,'' which can induce DC activation and maturation. The genes encoded by vectors can be then transcribed, translated, expressed, and processed by DCs (30) . Here, in fact, we demonstrate the in vivo expression of H60 or CEA encoded by our DNA vaccine in DCs located inside Peyer's patches, proving the efficiency of this delivery system. DCs are known to support the tumoricidal activity of NK cells (31) . In our vaccine setting, the interactions of NKG2D ligands expressed on DCs with the NKG2D receptor expressed on NK cells can directly activate these effector cells as reported in ref.
3. In addition cytokines secreted by activated DCs are likely to contribute to the robust NK activity detected in our pH60͞Surv-or pH60͞CEA-vaccinated mice.
DCs are the most proficient antigen-presenting cells (32) and have extraordinary capacity to activate naïve T cells (33) . Once specific peptide͞MHC complexes presented by DCs are recognized by the T cell receptor complex on CD8 ϩ T cells, costimulatory signals provided by NKG2D-ligand interactions between these two populations will contribute to more effective T cell priming. This approach induced effective T cell responses, both in pH60͞Surv-vaccinated syngeneic BALB͞c mice and in pH60͞ CEA-vaccinated CEA-A2Kb double transgenic mice.
DCs, NK cells, and T cells are not independent in their functions but are subject to intense crosstalks. By secreting cytokines such as IFN-␥ and TNF-␣, activated NK cells can induce the maturation of DCs, which become stable and resistant to tumor-related suppressive factors, and show a strongly enhanced ability to induce Th1 and CTL responses (34) . This interaction may contribute to the enhanced CTL killing observed in the pH60 (Figs. 4B and 7B) or pRAE (Fig. 5D ) groups compared with control mice. CD8 ϩ T cells are shown to induce maturation of DCs in the absence of CD4 ϩ cells and CD40 ligation (35) . By secreting IFN-␥, activated but not resting CD8 ϩ T cells can induce differentiation of monocytes into DCs and restore the stimulatory capacity of IL-10-treated antigenpresenting cells (36) . The secretion of IL-10 by tumor cells has been shown to be one of the mechanisms tumors use to escape immune surveillance (37) . This CTL feedback can explain the enhanced NK killing of pSurv (Fig. 4A) or pCEA group (Fig. 7A ) compared with the control group.
Besides the aforementioned, activated NK cells and CTLs can also enforce each other's activation directly. Activated NK cells boost the ongoing adaptive responses by producing IFN-␥, which promotes the Th1 polarization of antigen-specific T cells (38) . Antigen-specific T cells can directly activate NK cells by secreting IL-2 (39), which can also provide signals required by NK cells in ''helping'' DCs (40) . Thus, by delivering our vaccines with Salmonella, engaging NKG2D receptor, and providing tumorassociated antigens, our DNA vaccine can efficiently activate DCs, NK cells, and CTLs, presumably in Peyer's patches. The crosstalk between these different populations can reinforce their activation, giving the immune system the edge to overcome tumor-induced immune-suppression. These effects may be translated into the tumor protection induced by our vaccine in both prophylactic and therapeutic models.
Recently, regulatory T (T reg ) cells, particularly CD4 ϩ CD25 ϩ T reg cells, have reached the spotlight in tumor immunology. Depletion of CD4 ϩ CD25 ϩ T cells in mice improves tumor clearance (41) and enhances the response to immune-based therapy (42) . Tumor infiltrating T reg cells have been clinically associated with reduced survival (43) . In our system, CD4 ϩ T cells, presumably mediated by T reg cells, mainly contributed to the negative regulation of immune responses because their depletion led to better protection against tumor challenges. T reg cells, as all CD4 ϩ T cells, do not express NKG2D receptor even after their activation (3). By engaging this receptor, our vaccine can achieve preferential activation of NK and CD8 ϩ T cells and, thus, may tilt the balance toward immune surveillance and breakage of T reg -mediated peripheral tolerances to tumorassociated antigens. However, it is also possible that some CD4 ϩ T cell subpopulations are required for optimal immune responses and generation of effective immune response and memory as reported in refs. 44 and 45. We demonstrated here that our pH60͞Surv vaccine effectively protected mice against two different tumors: CT-26 colon carcinoma cells, which express very low or negative levels of NKG2D ligands, and D2F2 breast carcinoma cells, which express NKG2D ligands at an intermediate level. However, the pH60͞ Surv vaccine worked in both models almost equally well, suggesting the potential utility of this vaccine for a variety of tumors, despite their varying NKG2D ligand expression levels. In addition, utilization of another NKG2D ligand, RAE1, in similar vaccines induced protection against tumor challenge, proving that the engagement of the NKG2D receptor is indeed responsible for the improved antitumor efficacy of such vaccines.
However, it is well known that NKG2D ligands display a great degree of polymorphism both in mice (46) and humans (47) . Thus, to develop a widely applicable cancer vaccine, it should be determined whether an allogeneic NKG2D ligand can also serve as an adjuvant for DNA vaccines. Such an evaluation is facilitated by the fact that H60 is not expressed in C57BL͞6 mice (28) and that a H-2K b -restricted CTL response was reported to mediate graft-vs.-host disease (48) . In this regard, in our pH60͞ CEA vaccine, H60 may provide an allogeneic stimulus as well as the stimulation and costimulation of NK and T cells. It is possible that the anti-H60 immune response is so dominant (49) that it overshadows the tumor-specific responses. However, our data indicate that the pH60͞CEA vaccine successfully induced both potent NK-and CEA-specific CTL responses. These data suggest that allogeneic NKG2D ligands are also effective adjuvants and, thus, applicable to a variety of DNA-based cancer vaccines. Furthermore, the fact that such ligands enhance immune responses against a human tumor antigen like CEA suggests their potential for clinical applications. It is of course possible, given the NKG2D expression pattern and other differences between human and mouse (24) , that the exact same strategy may not work with the same efficacy in humans. However, sufficient employment of both innate and adaptive arms of the immune system may still be a sensible way to overcome the hurdle created by the tumors.
In summary, we critically evaluated NKG2D ligands as adjuvants for DNA-based cancer vaccines. We demonstrated here that coexpression of NKG2D ligands in DNA-based cancer vaccines effectively enhances their antitumor efficacy by activating both innate and adaptive immune responses. Such DNA vaccines are well suited to eradicate residual tumor cells and to possibly boost an immune response against cancer relapse, thus making them relevant for future clinical applications. This contention is supported by the impressive antitumor effect achieved by our pH60͞Surv DNA vaccine in a therapeutic setting featuring established metastases of murine breast and colon carcinoma.
